Abstract:
Recombination in mitochondrial DNA (mtDNA) remains a controversial topic.
Here we present a survey of 279 animal mtDNA datasets, of which 12 were from asexual species. Using four separate tests we show that there is widespread evidence of recombination; for one test as many as 14.2% of the datasets reject a model of clonal inheritance and in several datasets, including primates, the recombinants can be identified visually. We show that none of the tests give significant results for obligate clonal species (apomictic parthogens) and that the sexual species show significantly greater evidence of recombination than asexuals. For some datasets, such as Macaca nemestrina, additional datasets suggest that the recombinants are not artifacts. For others it cannot be determined whether the recombinants are real or produced by laboratory error. Either way the results have important implications for how mtDNA is sequenced and used.
In animals it is generally thought that mitochondrial DNA (mtDNA) is inherited from one parent, usually the mother, (Birky 1995; Avise 2000) , and that its inheritance is therefore clonal. However, paternal inheritance of mtDNA, that is transmission of the paternal mtDNA into the egg and its survival in the adult organism, has been demonstrated in a number of species (Kondo et al. 1990; Gyllensten et al. 1991; Magoulas and Zouros 1993; Skibinski, Gallagher, and Beynon 1994; Zouros et al. 1994; Kvist et al. 2003) , including our own (Schwartz and Vissing 2002) . Furthermore there is evidence of recombination in variety of taxa (Andolfatto, Scriber and Charlesworth 2003; Hoarau et al. 2002; Ladoukakis and Zouros 2001a; Ladoukakis and Zouros 2001b; Maynard Smith and Smith 2002) . The strength of this evidence varies considerably. The most convincing evidence of recombination comes from a human individual who has been shown to have both paternal and maternal mtDNA in their muscle tissue along with a variety of recombinants (Kraytsberg et al. 2004 ). There is also direct evidence of recombination in mussels, where it has been possible to sequence parental and recombinant mtDNA molecules (Ladoukakis and Zouros 2001a ). However, mussels have an unusual mode of inheritance of mitochondrial DNA which makes them particularly prone to recombination.
To investigate the question of whether recombination occurs further, and if it does, how prevalent it is, we compiled 267 datasets of protein coding sequences from mtDNA, in which multiple individuals from a species had been sequenced. We subjected these datasets to four tests of recombination: (i) the maxchi test of Maynard Smith (Maynard Smith 1992) , (ii) the geneconv test of Sawyer (Sawyer 1989, http (Lewontin 1964) , another measure of linkage disequilibrium, and distance (the LD|D'| test). We chose to use four tests, instead of one, to investigate whether any evidence of recombination was method dependent.
The tests we chose represent different approaches to the detection of recombination and are amongst the most efficient methods available for low recombination rates (Posada and Crandall 2001) .
Material and Methods
Data: Data were compiled by searching GenBank with ACNUC (Gouy et al. 1984) for animal species in which multiple alleles of a mitochondrial gene had been sequenced. We restricted ourselves to one dataset per species. The sequences were trimmed of any non-protein coding sequence since the LDdistance tests, r 2 and |D'|, can be sensitive to variation in the mutation rate (Innan and Nordborg 2002) . Datasets with fewer than 10 polymorphisms were removed. We then scanned the data for evidence of nuclear encoded copies of the mtDNA (numts). First, all sequences were translated and any dataset or sequence with either of the universal stop codons (TAA and TAG) was removed. Second, we removed any dataset in which the number of nonsynonymous polymorphisms exceeded the number of synonymous polymorphisms, without correcting for the number of sites. We also noticed, in an initial survey of the data, cases in which putative recombinants were generated by two frameshift mutations, usually a one base pair insertion, followed several nucleotides later, by a deletion -this generated a series of polymorphisms which tended to give significant results under maxchi and the r 2 tests. These do not appear to be recombinants so they were removed. After these procedures, we were left with 267 datasets across a broad range of animal species: 156 vertebrates, 57 arthropods, 29 molluscs, 12 nematodes, 11 echinoderms and 2 annelids. We did not include human sequences in the dataset since these have been subjected to exhaustive analysis by us and others (Ingman et al. 2000; Jorde and Bamshad 2000; Elson et al. 2001; McVean, Awadalla, and Fearnhead 2002; Piganeau and Eyre-Walker 2004) .
Tests of recombination:
The data were subjected to four tests of recombination. (i) The maxchi test of Maynard Smith (Maynard Smith 1992) . We follow Maynard Smith's original implementation of his test, rather than the recent version suggested by Posada and Crandall (Posada and Crandall 2001) . In their method they only survey the middle third of the alignment for evidence of recombination. We survey the entire region but prevent anomalous behaviour of the statistic by requiring that all expected values in the chi-square are at least two -this prevents large chi-square values being produced when the expected values are very small. This test appears to be considerably more powerful than the implementation of Posada and Crandall. Simulations however suggest that the type I error is not affected. Datasets in which all chi-square tests, in the original data, fail because of small expected values were excluded from further analysis. (ii) Sawyer's geneconv test (Sawyer 1989 (Lewontin 1964) , and distance between sites, with the significance assessed by a Mantel test (the LD|D'| test). A dataset was excluded from further anlaysis with the LD|D'| if |D'| = 1 for all pairwise comparisons -including these datasets would make the test conservative because all randomised datasets have the same correlation as the original dataset (i.e. a correlation of zero). One thousand randomisations were perfomed for each test to assess significance, however if none of the randomised datasets exceeded the observed value, we repeated the analysis with 10,000 and then 100,000 randomisations. If the test still yielded no randomised datasets which exceeded the observed value we set the probability value to 0.00001 in all further analyses.
Statistical analysis: To combine results across datasets we used
Fisher's method of combining probabilities by summing -2Ln(p) across datasets: since -2Ln(p) is c 2 distributed with 2 degrees of freedom, the sum is c 2 distributed with 2n degrees of freedom, where n is the number of datasets.
To test whether there was more evidence of recombination in sexuals than asexuals we calculated the combined probability value for each dataset for each test (i.e. by summing -2Ln(p) where p is the probability value). We divided the value by the number of datasets to obtain the average and considered the difference between the sexuals and asexuals as our test statistic
where n sex and n asex are the numbers of sexual and asexual datasets. To find the distribution of this statistic under the null hypothesis, that there is no difference between sexuals and asexuals, we pooled the probability values from the sexual and sexual datasets and then randomly selected, without replacement, n sex and n asex datasets and recalculated Z. We repeated this 1000 times.
ANOVA analyses were performed on the probability values from each test which were transformed as Sqrt(Ln(p)), which was found to be approximately normally distributed. Kruskal-Wallis tests were also performed.
Results
We compiled 267 animal mtDNA datasets and subjected them to four tests of recombination. All four tests of recombination are highly significant if we combine probabilities across datasets (table 1) ; furthermore the proportion of tests which are significant at the 5% level is significantly greater than expected for all individual tests. Note that the majority of datasets come from different genera so there is little chance of taxa sharing polymorphisms and therefore being non-independent. The proportion of tests which are significant at the 5% , LD|D'| p=0.013). The problem is simply that we cannot say precisely which species has undergone recombination. Let us imagine that we performed a statistical test on 100 independent datasets and found one to be significant at a probability value of 0.0001, and 20 to be significant at 0.05. Clearly the first dataset is individually significant because the probability of observing one or more datasets at that level of significance is very small even when we have 100 datasets (p=0.01). In contrast we expect to observe at least 5 datasets which are significant at 5%.
However, the probability of observing 20 or more is highly unlikely (p<0.0001) and so we know that there is evidence of recombination in the remaining 99 datasets, and that its likely to be in one of the datasets which have a probability value of 0.05. However, we cannot tell which dataset has actually undergone recombination.
In table 2 we list the species which contribute most to the evidence of recombination. A complete list of the outcome of the four tests for the 267 datasets is available in Supplementary Table 1 . To give a measure of the overall evidence of recombination we summed -2Ln(p) across tests, where p is the probability value. This value cannot be converted into an overall probability value because the tests are not statistically independent, however it provides a metric which is related to the overall support for recombination.
The list of most likely recombinant species has a number of interesting features (table 2) into the paternal line has been observed in several datasets (Hoeh et al. 1997 ).
There does not appear to be any evidence that the frequency of recombination differs across our dataset; an ANOVA of the transformed probability values shows no evidence of differences between phyla, classes or orders. These results remained unchanged if the analyses were restricted to groups (i.e. phyla, classes or orders) which had more than 20 species.
A visual inspection of the datasets which show the strongest evidence of recombination, reveals a small number of cases in which the recombinant molecules can be identified visually. Two of these are in primates. In Macaca nemestrina, one of the datasets which is individually significant, there are two distinct groups of haplotypes, with a third group of two sequences, which appear to be recombinants between the first two (figure 1). Both putative recombinants are significant according to the maxchi test (p<10 However, M. nemestrina is a very broadly distributed species, which is found throughout south-east asia and the islands of Sumatra and Borneo. Dataset
Mn2 was sampled from Sumatra alone whereas dataset Mn3 was sampled from much of the species range. We do not know the precise sampling of dataset Mn1 but it too appears to have been sampled broadly since there are divergent haplotypes in the dataset and some individuals are listed as M. n. leonina.
Each of the recombinants in M. nemestrina appears to be between distinct subspecies. This raises the question of whether recombination between subspecies is common. To investigate this further we tested for recombination between the 7 species of macaques which inhabit the island of Sulawesi which is east of Borneo (Macaca nigra, M. nigrescens, M. hecki, M. tonkeana, M. maura, M. ochreata and M. brunescens) . These 7 species are thought to have evolved in isolation but to have come into secondary contact (Evans et al. 2003) . Three of the four tests of recombination are significant (table 3) There is also evidence of recombination in another primate, Papio papio, the Guinea baboon. In this species, one individual is distinctly different to the others up to nucleotide 270, after which it becomes identical to some of the other sequences. Interestingly the sequence up to nucleotide 270 is more similar to that of several other baboon species, including P. anubis, the olive baboon, whose range is adjacent to that of P. papio (Newman, Jolly, and Rogers 2003) .
However, the sequence of P. papio is not identical to that of P. anubis which suggests that either recombination occurred sometime in the past, or that there has been subsequent recombination within P. papio.
However, cases in which recombination events can be identified are exceptional; in the vast majority of cases we cannot identify recombinants visually. This is perhaps not surprising -recombination is only obvious to the eye when there have very few recent recombination events between sequences which are quite different.
Discussion
We have shown that the evidence for recombination is pervasive in animal mtDNA datasets. However, it is unclear whether the recombinants are real, or whether they have been introduced during the sequencing process. Either way, the results are important for how mtDNA is used and sequenced.
There are a variety of ways in which artifactual evidence of recombination could be produced. First, there may be numts in the data; these are nuclear encoded copies of the mtDNA. We have gone to some length to exclude numts by eliminating all datasets in which there are stop codons, or the ratio of non-synonymous to synonymous polymorphism is unreasonable (datasets in which this ratio was greater than approximately 1/3 rd were excluded). These strategies will exclude most datasets in which all sequences are numts but they may not be an effective guard against datasets in which a small number of sequences are recent numts. Second, there could be contamination between two DNA samples. This could lead to recombination in two ways. First, the polymerase may jump from one template to another during PCR. Second, different primers may bind to the two templates with different efficiencies; so for example, the first set of primers may bind to the start of the gene from individual A very well, but the second half of the gene very poorly. Third, recombination could be introduced during sequence assembly. This would likely produce perfect recombinants with a sequence which is composed of a perfect match with one sequence followed by a perfect match to another sequence. Each of these should be easy to catch if the DNA has been sequenced in both directions but there can be no guarantee that this has happened, or that both strands have been sequenced to high standard. Ultimately, confirmation of the recombinants we have discovered will require careful resequencing. Testing for recombination may be one way to assess data quality.
It is also possible that the evidence of recombination is not due to experimental error but due to a problem with the tests of recombination. Innan and Nordborg (Innan and Nordborg 2002) If recombination is occurring in nature then it has some implications, but possibly in areas in which it is often not thought about. Clonality is often explicitly assumed in analyses of demography; for example, mtDNA has been used extensively to trace the spread of humans across the world. It is likely that much of this work will be unaffected because the patterns are established by migration and limited gene flow, so the mitochondrial molecules involved in the pattern never have the chance to recombine. However, recombination may affect inferences about changes in population size since recombination can mirror some of the patterns induced by population size expansion. MtDNA has also been used to date various events. Under some circumstances these dates will be affected by recombination. For example, mtDNA has been used to date our most recent matrilineal ancestor. Recombination will affect this date -it will generally mean that the date has been underestimated (Eyre-Walker 2000) -but by how much is unclear. However, the area in which mtDNA is used most often, molecular systematics, is the area in which recombination is rarely considered, and yet it might have important implications. In the M. nemestrina and P. papio sequences shown in figure 1 there are clearly recombinants between two sub-species, or genetically distinct groups of animals. Without an appreciation of recombination, the phylogenetic status of some individuals would be incorrect. Furthermore, the obvious evidence of introgression would be missed.
It is likely that some of the evidence for recombination is a consequence of laboratory error, but unless the quality of DNA sequencing is very poor, recombination in mtDNA is moderately frequent, and occurs both within and between species and sub-species. 
